C
omposting is a self-heating, aerobic biodecomposition process of organic waste that has advantages over other disposal strategies because it reduces waste volume by 40% to 50% and provides a final product that can be used as a soil conditioner or as good-quality fertilizer (1) (2) (3) . As the important fraction of the agricultural wastes, lignin is highly resistant to microbial attack because of its complex cross-linked structure. The degradation of cellulose and hemicellulose is also strongly inhibited by the presence of lignin, which consequently makes lignin degradation the limiting step influencing the speed and quality of composting (4) . Fungi such as Aspergillus spp., Penicillum spp., Trichoderma spp., and Phanerochaete chrysosporium can secrete industrial quantities of extracellular lignocellulolytic enzymes (5) . However, bacterial enzymes have characteristics that are more advantageous than those of fungal enzymes. This is because bacteria grow more rapidly, produce multienzyme complexes with increased functionality and higher specificity, and can tolerate larger and more-diverse environmental stresses (6, 7) .
The genus Streptomyces, composed of Gram-positive filamentous bacteria of the order Actinomycetales, with more than 600 described species (http://www.bacterio.cict.fr/), is an ecologically important group ubiquitous in natural or artificial ecosystems. Some Streptomyces isolates participate in the degradation of recalcitrant biopolymers such as lignin, hemicelluloses, or celluloses found in wood (8) (9) (10) . Ulrich et al. (7) reported that Streptomyces spp. could dominate certain cellulolytic microbial communities after long-term manure application in a soil ecosystem. In the composting process, the pile temperature could rise quickly from room temperature to 70°C, leading to a transition of microbial communities from mesophilic to thermophilic ones, which provided superior conditions for the growth of streptomycetes (4) . Thus, Streptomyces is among the most represented actinomycete genera for their pH and thermal stability during composting (11) . Such observations suggest the potential importance of thermophilic streptomycetes with lignocellulolytic enzyme activities and lignocellulose breakdown abilities during agricultural waste composting.
As the vital functional enzymes for lignocellulose degradation, laccases (benzenediol/oxygen oxidoreductases; EC 1.10.3.2) or laccase-like multicopper oxidases (LMCOs) can catalyze the oxidation of various phenolic compounds and some nonphenolic substrates, concomitantly with the reduction of the molecular ox-ygen to water (12) . Traditional three-domain fungal and bacterial laccases have been widely studied for their importance in various biotechnological applications (13) (14) (15) . A novel lineage of relatively small LMCOs-the two-domain LMCOs-has now attracted the attention of researchers (16) , and two-domain LMCOs were found to be typically present in Streptomyces spp., such as Streptomyces griseus, Streptomyces ipomoeae, and Streptomyces coelicolor (17) (18) (19) (20) . They lack the second of the three domains and yet exhibit significant activity in the restrictive environment (21) . Such two-domain laccases also contain four copper ions/subunits, oxidize various phenolic and nonphenolic substrates, and have spectroscopic properties similar to those of common three-domain laccases (22) . These new two-domain laccases may have advantages over traditional three-domain laccases: small laccase from Streptomyces coelicolor and EpoA from Streptomyces griseus could oxidize phenolic compounds under alkaline and high temperature conditions (21) . Additionally, the copper binding sites are different from those of the common three-domain fungal and bacterial laccases, which allows the design of specific Streptomyces two-domain primers to investigate the diversity and composition of Streptomyces two-domain LMCO genes with potential polyphenol oxidative and lignocellulose decomposition capacities in agricultural waste composting systems.
In this present research, a PCR primer set was designed to target the two conserved copper binding regions (cbr II and IV) of Streptomyces two-domain LMCO genes. A molecular investigation of the diversity and distribution of Streptomyces two-domain LMCO genes was conducted among the representative samples in composting systems. Meanwhile, our study associated Streptomyces two-domain LMCO gene abundance with phenol oxidase activities and lignocellulose degradation to analyze the potential function of Streptomyces two-domain laccases during composting.
MATERIALS AND METHODS
Composting and sample collection. The source materials for composting mainly consisted of rice straw, vegetable residues, soil, and wheat bran. Rice straw and vegetable residues were shredded to a size of 10 to 20 mm and dried in the open air. Soil from the surface humus soil on Yuelu Mountain (Changsha, China) was used as a source of indigenous microbial inoculants added into the compost pile. The physicochemical properties of composting materials used in this study are displayed in Table 1 .
Composting is a self-heating, aerobic solid-phase biodegradative natural process of organic materials. An experimental composting system with a dry weight of about 20 kg of materials was set up indoors in this study. The original materials were mixed thoroughly with organic matter content of about 61.8% (dry weight) and a ratio of total organic carbon to total Kjeldahl nitrogen (C/N ratio) of about 30:1. The composting process was conducted in a specially designed pilot-scale reactor. The reactor was a cylinder (50 cm in diameter, 45 cm in depth) equipped with a perforated plate at the bottom to distribute the air. Air from a compressor was supplied at a constant flow rate of 0.25 liters min Ϫ1 kg Ϫ1 (wet weight) to maintain aerobic conditions throughout the experimental run. Three replicates were sampled on days 0, 4, 8, 15, 30, and 50. Samples with a total weight of 10 g (wet weight) were periodically taken from the top, middle, and bottom depths in the different sections of the pile and were stored at Ϫ20°C for total DNA extraction. Moisture content was adjusted to about 50% to 60% during composting by adding sterile deionized water after sampling.
Analysis of phenol oxidase activity and lignocellulose degradation. Phenol oxidase activity was estimated using the substrate 2,2=-azino-bis-(3-ethylbenzothiazoline-6-sulfononic acid) diammonium salt (ABTS) at pH 4.5 or L-3,4-dihydroxyphenylalanine (L-DOPA) at pH 6.0 and 8.0 (12, 23, 24) . Compost samples (10 g) were shaken in flasks with 90 ml of sterile 0.9% NaCl solution at 25°C for 1 h. The resulting suspension was used for measuring the phenol oxidase activity. Each reaction mixture contained 150 l of citrate phosphate buffer (pH 4.5, 6.0, and 8.0; 50 mM), 50 l of compost suspension, and 50 l of substrate (50 mM ABTS or 25 mM L-DOPA). The mixtures were incubated with shaking (100 rpm) at 25°C for 4 h, and the supernatant, after centrifugation at 3,500 rpm for 4 min, was transferred to a 96-well microplate. Negative-control samples were autoclaved beforehand and prepared in the same way. The absorbance was measured at 420 nm for ABTS and 475 nm for L-DOPA by a Multiscan Spectrum spectrophotometer (Thermo, Vantaa, Finland). The enzymatic activity was calculated with the extinction coefficient of ABTS (ε 420 ϭ 36,000 M Ϫ1 cm Ϫ1 ) (25) or L-DOPA (ε 450 ϭ 3,600 M Ϫ1 cm Ϫ1 ) (26) . Enzyme activity was expressed as mol h Ϫ1 g Ϫ1 dry matter. Moisture content was determined by drying the sample in an oven at 105°C to a constant weight. Three replicates were used in all measurements.
Neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) were assayed according to the sequential extraction methods proposed by Van Soest et al. (27) . Hemicellulose content was assessed by the difference between NDF and ADF, cellulose content by the difference between ADF and ADL, and lignin content by the difference between ADL and ash content. This detergent-fiber analytical method was used because of its convenience and consistency for agricultural wastes (28, 29) , although the outcome might be slightly biased by proteins bound to lignin or by a contaminant, particularly cutin, present in the acidinsoluble residues.
Primer design. Prior to this study, no general primers were available and suitable for amplification of the Streptomyces two-domain LMCO genes in environmental samples. Twenty-five published laccase amino acid sequences from various microorganisms, including three-domain bacteria, actinomycetes, basidiomycetes, and ascomycetes, and 14 Streptomyces two-domain LMCO genes were aligned using DNAMAN 7.0. Primers were designed to be specific to Streptomyces two-domain LMCO genes and targeted the conserved sequences between copper binding regions II (YWHYHDH) and IV (HCHVQSH) of published Streptomyces two-domain LMCO sequences (Fig. 1 ). The forward (Cu2SF; 5=-TAC TGG MAC TAC CAC GAC CAY-3=) and reverse (Cu4SR; 5=-RTG VSW CTG SAC RTG RCA GTG-3=) specific degenerate primers amplified a product of about 426 bp. Ambiguous bases are defined as follows: a Means are shown with standard deviations in parentheses (n ϭ 3). TOC, total organic carbon; TKN, total Kjeldahl nitrogen; C/N, ratio of total organic carbon to total Kjeldahl nitrogen; ND, not determined.
DNA extraction, positive controls, and PCR. The compost samples on days 0, 4, 8, 15, 30, and 50 (defined as D0, D4, D8, D15, D30, and D50) were selected to study the diversity and succession of Streptomyces twodomain LMCO gene communities during agricultural waste composting. Genomic DNA from the six composting samples (fresh and wet) was extracted according to the method described by Yang et al. (30) . The crude DNA was purified with a TIANquick Midi Purification kit (TianGen, Beijing, China) and then dissolved in 100 l Tris-EDTA (TE) buffer and stored at Ϫ20°C before use.
Three Streptomyces strains (Streptomyces coelicolor ATCC 23899, Streptomyces griseus ATCC 13273, and Streptomyces ipomoeae ATCC 25462), with known two-domain LMCO genes, were bought from the China General Microbiological Culture Collection Center as positive controls in PCR amplifications. The PCR mixture contained about 150 ng of template DNA, 25 l 2ϫ Power Taq PCR MasterMix (TianGen, Beijing, China), and 1 l (25 M) of each forward and reverse primer and was adjusted to a final volume of 50 l with sterilized Milli-Q water. PCR amplification was run on a MyCycler (Bio-Rad) using the following cycling conditions: 5 min at 94°C; 35 cycles consisting of 45 s at 94°C, 40 s at 60°C, and 40 s at 72°C; a final extension of 7 min at 72°C; and ending at 4°C.
Fragment purification and laccase clone library construction. Amplifications of the expected size (about 426 bp between cbr II and cbr IV) were excised from the 2% agarose gel and purified with a TIANgel Midi Purification kit (TianGen, Beijing, China) according to the manufacturer's specifications. The fragments were then ligated into pGEM-T vector (Promega), and the plasmids were transformed into Escherichia coli competent cells (DH5␣). A blue-white colony appearance and ampicillin resistance were both used to select the correct clones. The plasmid DNA was extracted from a transformant with a TIANpure Midi Plasmid kit (TianGen, Beijing, China) before sequencing. Finally, the nucleotide sequences obtained were deposited in the GenBank nucleotide sequence database of the National Center for Biotechnology Information (NCBI) (http://www .ncbi.nlm.nih.gov/GenBank/). qPCR analysis. Real-time qPCR was performed on an iCycler iQ5 thermocycler (Bio-Rad) to determine Streptomyces two-domain LMCO gene abundance in the compost. The corresponding primers were Cu2SF and Cu4SR. The 25-l quantitative PCR (qPCR) mix contained 2 ng of compost microbial DNA, 4 pmol of each primer, 10 l of 2.5ϫ RealMasterMix (TianGen, China) and 1.5 l of 20ϫ SYBR solution (TianGen, China). The protocol was as follows: 2 min at 94°C; 35 cycles consisting of 10 s at 94°C, 30 s at 60°C, and 30 s at 72°C; a final extension of 7 min at 72°C; and ending at 4°C. The fluorescent signal was measured at the end of each extension step. Melting curve analysis was performed to verify amplification specificity. The plasmid previously obtained from each sample was extracted, and the concentration of the plasmid was then determined. Ten-fold serial dilutions of from 1.0 ϫ 10 3 to 1.0 ϫ 10 8 copies of plasmids were used as the templates in qPCR for generation of standard curves, as described by Blackwood et al. (14) . qPCR was performed on all samples in triplicate runs, and each run included two sets of standards and no-template controls. Sequence analysis and statistics. For each gene library, operational taxonomic units (OTUs) were established at the nucleotide genetic distances of 0.01, 0.03, and 0.10. Then, the OTU-based analyses (rarefaction curves, Shannon-Wiener index [H] , and Chao1 and ACE richness estimators) were performed using the mothur program (http://www.mothur .org/) (31) . The detected nucleotide sequences were compared with those in the GenBank database in NCBI using the BLAST search algorithm. This comparison allowed confirmation of clones to be associated with Streptomyces two-domain LMCO sequences and selection of reference sequences for phylogenetic analysis. Mega 5 was used for sequence manipulation and phylogenetic tree construction by the neighbor-joining method (32) . A bootstrap analysis with 1,000 replicates was applied to estimate the confidence values for the tree nodes. For the whole-gene sequences obtained, rarefaction curves were established at the nucleotide genetic distances of 0.01, 0.03, and 0.10.
Three replicates were performed for each sample day to assess the phenol oxidase activity and abundance of Streptomyces two-domain LMCO genes. The mean values determined for the three replicates were compared by one-way analysis of variance (ANOVA) using a post hoc Tukey's test to assess the significant differences (P Ͻ 0.05). All univariate data were analyzed using the software package SPSS 16.0 (SPSS, Germany).
Nucleotide sequence accession numbers. The nucleotide sequences obtained were deposited in the GenBank nucleotide sequence database of the National Center for Biotechnology Information (NCBI) (http://www .ncbi.nlm.nih.gov/GenBank/) with accession numbers JQ954774 to JQ954825.
RESULTS
Composting and sampling. The pile temperature was kept higher than 50°C for at least 8 days, which is the minimum requirement for a proper disinfection of waste materials from animal and plant pathogens. The pH value dropped slightly in the first several days due to the acid formation in the early stage of composting and then increased gradually in the following 2 weeks for the ammonification and mineralization of organic nitrogen and was finally maintained at 7.5 to 8.0 (data not shown). Six representative samples from the mesophilic stage (day 0), the thermophilic stage (day 4), the earlier cooling stage (days 8 and 15), and the maturation stage (days 30 and 50) were selected for the following experiments. The physical-chemical properties of composting samples used in this study are displayed in Table 2 .
Degradation of cellulose, hemicellulose, and lignin. Lignocelluloses were gradually degraded during composting (Fig. 2) . A high rate of degradation of cellulose was observed between days 0 and 15. The hemicellulose was mainly decomposed between days 0 and 30 except for the early cooling period. The degradation rate of recalcitrant lignin was lower than those of hemicelluloses and celluloses in the first 4 days, because lignin is more resistant to microbial attack.
Phenol oxidase activity and abundance of Streptomyces twodomain LMCO genes. The phenol oxidase activity detected at various pH values and abundance of Streptomyces two-domain LMCO genes are displayed in Table 3 . Generally, phenol oxidase activity was at a constantly high level throughout the whole composting process. The sample on the fourth day showed the maximal enzyme activity at pH 4.5, suggesting rapid growth in fungal microbes with phenol oxidase activity in the warming period. A sharp decline of phenol oxidase activity was observed from day 4 to day 8 (in the high-temperature period) and then a sudden increase in the cooling and maturation phase at pH 4.5. Phenol oxidase activities detected at pH 8.0 were generally higher than at pH 6.0. The maximal enzyme activity at pH 8.0 was observed on the eighth day, which indicated that the microbes producing alkaline phenol oxidase propagated quickly in the thermophilic phase. The copy numbers of Streptomyces two-domain LMCO genes increased quickly in the thermophilic phase, which might be ascribed to the rising temperature and high level of substrate availability in the pile.
Diversity of Streptomyces two-domain LMCO genes during agricultural waste composting. The newly designed primers (Cu2SF and Cu2SR) were used to amplify Streptomyces two-domain LMCO genes in composting samples. According to the available nucleotide sequences, the PCR amplification performed with this primer pair was expected to produce fragments of about 426 bp. The pure cultures of streptomycetes were analyzed, and all of them showed positive PCR products of about 426 bp. The amplified sequences have high similarities with those of known Streptomyces two-domain LMCO genes. Additionally, the whole deduced The diversity and richness of each clone library were assessed by calculating the Shannon-Wiener index (H) and the Chao1 and ACE richness estimators (Table 4 ). There was a steady increase in the number of observed OTUs in the warming period and then a rapid decrease in the cooling and maturation period. The Shannon diversity index, indicating the clone numbers of individual gene types found at each sampling date, varied consistently with the richness of LMCO gene population. The highest Shannon index for the Streptomyces two-domain LMCO genes was observed on day 8 (2.94 at the genetic distance of 0.01), whereas the lowest was 1.35 on day 50 at the genetic distance of 0.01. The occurrence of the highest Shannon index on day 8 also suggested that streptomycetes with two-domain LMCO genes propagated rapidly in the thermophilic period. The established rarefaction curves indicated relatively high coverage in the library from composting samples, and many more sequences would need to be sampled for the rarefaction curves to reach a plateau (Fig. 3) .
Phylogenetic analysis of Streptomyces two-domain LMCO gene sequences. The sequences determined in this survey and the ones retrieved from GenBank resulted in an alignment of 72 LMCO gene sequences (Fig. 4) . High diversity and a rapid succession of Streptomyces two-domain LMCO genes were found in the six representative samples with 8 distinct clades of sequence types, among which most sequences clustered with the reference twodomain LMCO genes of Streptomyces coelicolor, Streptomyces violaceusniger, Streptomyces griseus, Streptomyces ipomoeae, and so on. However, the sequences of clades III and VIII do not match with any reference sequence of known streptomycetes.
Sequence groups of clades I and II were mainly found on days 0, 4, and 8, and the obtained sequences were clustered with the reference laccases of Streptomyces ipomoeae and Streptomyces coelicolor. AWC2 (day 0), AWC22 (days 4 and 8), and Streptomyces ipomoeae clustered to the same branch, which implied that Streptomyces ipomoeae probably existed in the thermophilic phase of composting. AWC1, AWC21 (appeared on days 0 and 4), and small laccase from Streptomyces coelicolor were classified to the same branch with a bootstrap value of 64. Moreover, the sequences in clades V, VI, and VII were detected on all sample days, and these sequences mainly belonged to Streptomyces fulvissimus, Streptomyces violaceusniger, and Streptomyces griseus. These observations suggested the potentially important role of the three groups in organic compound decomposition because they existed during the whole process of composting and could stand the extreme high temperature in the thermophilic phase. The unknown clade III (including AWC39 and AWC42 to AWC47)-and clade VIII (including AWC40 to AWC41 and AWC48 to AWC52)-associated sequences did not cluster with reference two-domain multicopper oxidases from Streptomyces spp. probably due to the limited two-domain LMCO data available. The BLASTn search of sequence AWC43 (JQ954816) in clade III showed that it matches best with a multicopper oxidase gene from Streptomyces viridochromogenes (91% identity; E value ϭ 9eϪ128), and the BLASTp search of translated amino acid showed it had the highest identity with a multicopper oxidase from Streptomyces coelicoflavus (89% identity; E value ϭ 6eϪ88). The BLASTn search of AWC52 in clade VIII showed it had the highest identity with a multicopper oxidase gene from Streptomyces viridochromogenes (78% identity; E value ϭ 3eϪ29), and the sequence of AWC48 is similar to that of a multicopper oxidase gene from Streptomyces rapamycinicus (76% identity; E value ϭ 2eϪ49). The sequences clustered in these two groups mainly distributed on days 15, 30, and 50 (cooling and maturation stages), suggesting that the relevant microorganisms dominated in the maturation phase. In summary, this newly designed primer could amplify the potential unknown putative Streptomyces two-domain LMCO genes in environmental samples.
Phenol oxidase activity, lignocellulose degradation, and abundance of Streptomyces two-domain LMCO genes. The relationships between phenol oxidase activity at different pHs, lignocellulose degradation rates, and LMCO gene abundance were estimated using a linear model analysis of covariance. Phenol oxidase activity at pH 8.0 was linearly positively associated with Streptomyces two-domain LMCO gene abundance (R 2 ϭ 0.830; P ϭ 0.012) (Fig. 5) . However, no such simple association was observed between LMCO gene abundance and phenol oxidase activity at pH 4.5 and 6.0. The variations in Streptomyces twodomain LMCO gene abundance seemed also positively associated with lignocellulose degradation ratios during composting, which indicated that the Streptomyces spp. probably participated in the lignocellulose degradation during composting (Fig. 6) .
DISCUSSION
Traditional three-domain fungal and bacterial LMCO genes potentially participating in soil organic matter cycling and litter degradation were extensively investigated in previous studies (33, 34) . The present survey relied on a similar molecular approach for analyzing Streptomyces two-domain LMCO gene diversity in a composting system. Based on the phylogenetic analysis and the deduced amino acids, the amplified genes were unambiguously identified as Streptomyces two-domain LMCO genes. The method used in a previous study found only very limited numbers of Streptomyces two-domain laccases (20) ; however, the metagenetic method in this study identified a wide species range in Streptomyces spp., including Streptomyces violaceusniger, Streptomyces griseus, and Streptomyces ipomoeae. The analysis revealed relatively high diversity and marked fluctuation in Streptomyces two-domain LMCO gene populations at different stages of agricultural waste composting. In summary, the present study demonstrated that direct amplification of Streptomyces two-domain LMCO gene sequences from compost DNA extracts allows tracing the distributions and changes of streptomycetes with a potential role in lignocellulose degradation.
The apparent increase of Streptomyces two-domain LMCO gene abundance in the initial phase of composting may be ascribed to the proliferation of streptomycetes stimulated by the high content of degradable organic compounds in the initial compost mixture. The highest Streptomyces two-domain LMCO gene abundance was observed on day 8, indicating that the corresponding organisms showed resistance to the changing temperature. Temperature-resistant Streptomyces spores are usually easy to propagate, giving rise to branching hyphal filaments in composting environments. Moreover, this growth adaptation assists in adherence to and penetration into the insoluble organic remains of other organisms, which are then depolymerized by multiple exoenzymes to provide nutrients (35) . Xiao et al. (11) also suggested in their study that temperatures higher than 50°C in composting benefited the growth of actinomycetes (11) . Especially thermostable streptomycetes are considered the predominant actinomycetes existing in the whole composting process (36) . They can tolerate the higher temperature and alkaline environment in composting. Additionally, antibiotic production confers crucial advantages to streptomycetes in ecological niche occupancy by exerting a high selective pressure on a wide range of other organisms (36, 37) .
There was a significant linear relationship between Streptomyces two-domain LMCO gene abundance and phenol oxidase activity at pH 8.0. This obvious relationship, however, was not present under acidic conditions. This may have been due to pH and temperature changes in the composting process that regulate enzyme activity and, in addition, to the relevant functional groups in Streptomyces spp. being important drivers of enzyme activity during composting. The significant relationship between phenol oxidase activity and Streptomyces two-domain LMCO gene abundance suggests that streptomycetes are involved in the extracellular phenol oxidase activities. Streptomyces two-domain LMCOs offer advantages over counterparts of conventional three- domain laccases, such as resistance to higher temperatures and alkaline pH values, which make them active under the extreme conditions; thus, we expected that Streptomyces spp. could dominate phenol oxidase activity under alkaline conditions during composting. However, the phenol oxidase activity at pH 8.0 was not completely attributed to the Streptomyces two-domain LMCO, for compost is a complicated ecosystem with high environmental and microbial variability and some other thermostable bacteria were also verified to be important good producers of alkaline laccases (4, 38, 39) .
A positive relationship was observed between Streptomyces two-domain LMCO gene abundance and lignocellulose degradation rates. High lignin degradation at the thermophilic stage was probably caused by the greatly induced expression of Streptomyces two-domain LMCO genes at elevated temperatures and their symbiotic involvement with many other microorganisms (35) . Schlatter et al. (37) also verified that the addition of cellulose or lignin results in relatively high densities of streptomycetes, suggesting that the lignocellulose degradation could promote the reproduction of streptomycetes to an extent. The potential lignocellulose degradation by streptomycetes was not due only to laccase because there are data indicating that streptomycetes are also good producers of other lignocellulolytic enzymes (40) , such as cellulases from Streptomyces sp. strain G12 in compost (41), CBM33 polysaccharides-monooxygenases from Streptomyces sp. strain SirexAA-E (9), endo-␤-1,4-xylanase from Streptomyces sp. strain SWU10 (42) , lignin peroxidase from Streptomyces viridosporus (43) , and dioxygenase (44) .
However, only a portion of the laccase-encoding genes detected in the community could be expressed and translated into active enzymes, thereby affecting lignin decomposition (22) . And it is worth noting that some laccase-encoding genes are not clearly assignable to extracellular enzymes involved in lignocellulose degradation but may relate to a variety of other functions, including morphogenesis, biochemical interaction with other organisms, and production of antibiotics (8) . Thus, there must be further research to gain deeper insights into the ecological functions of streptomycetes with potential extracellular laccase activity and ligninolytic capacity in future studies. The challenge at this point is to strengthen investigations for detection of clearly verifiable extracellular laccases (e.g., by screening of ecologically relevant microbes for all potential laccases and linking their genetic potential to produce laccase exoenzymes under laboratory and natural conditions), with combined analysis of gene expression and protein synthesis in order to clarify which genes correspond to which functions (45) .
